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Electromagnetic waves cover the range from X-ray to radio frequencies. Within this 
spectrum, the utilization of terahertz (THz) wave, ranging from 0.1 THz (10
12 
Hz) to 30 THz, 
was lagging until 1980s.
[1-3]
 Recently, many interesting properties of THz wave have been 
discovered, which suggests promising applications, such as spectroscopy, safety surveillance, 
cancer diagnosis, imaging, and communication.
[1, 4, 5]
 However, THz applications are limited 
due to the lack of high performance optical components, for example sources,
[4]
 detectors,
[6]
 
phase modulators,
[7, 8]
 and intensity modulators.
[9-11]
 In particular, intensity modulators in the 
THz regime operate mainly by controlling the carrier density in semiconductors.
[12, 13]
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Nevertheless, due to the high insertion losses, the intensity of THz signal is greatly 
attenuated.
[14]
 Vanadium oxide (VO2) is an alternative choice for modulating THz intensity 
via insulator-to-metal phase transitions at 340 K.
[15]
 However, conventional temperature 
control using VO2 is not convenient in integrated systems. Recently, THz modulation was 
realized by electrical gating on VO2 and the modulation effect was originated from 
electrochemical modification, which indicates promising applications of VO2 as THz 
modulators.
[16]
 In contrast to all these devices above, graphene based devices offer 
outstanding performance with great electrical controllability.
[17, 18]
 
Graphene, a single atomic layer of carbon, has attracted huge interest in a wide range of 
studies. Graphene has been recognized for excellent mechanical strength, chemical stability, 
and the highest electrical mobility of carriers due to the unique conical band structure.
[19, 20]
 
These characteristics enable the application of graphene in modulators in both visible
[21, 22]
 
and THz range
[10, 11, 17, 23, 24]
. The modulation in the visible range is enabled by interband 
transitions limiting the absorption to only 2.3%.
[25, 26]
 On the other hand, in the THz range, 
intraband transitions of graphene dominate and the electric-field amplitude modulation is 
much more significant. A total (100%) electric-field modulation of a graphene based THz 
modulator was predicted, but the modulation depth was demonstrated to be 15% 
experimentally.
[10]
 Furthermore, it was theoretically demonstrated that graphene based THz 
modulators could have very low insertion losses by optimizing the substrates.
[10]
 Nevertheless, 
further improvements in the modulation depth are required for practical applications. 
In this work, we experimentally demonstrate and numerically support the excellent 
performance of THz modulators based on graphene/ionic liquid/graphene sandwich structures. 
The modulation covers a broadband frequency range from 0.1 to 2.5 THz with the modulation 
depth of up to 99% by applying a small gate voltage of 3 V. To our knowledge, this is the 
highest modulation ratio from graphene based THz devices to date. The outstanding 
performance of graphene based device benefits from two key components: (1) a linear conical 
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band structure of graphene and (2) a powerful gating effect of ionic liquid. First, due to the 
linear band structure of graphene, the Fermi level in the vicinity of the Dirac point can be 
linearly controlled by tuning the gate voltage, which subsequently changes the transmittance. 
Second, the strong gating effect of ionic liquid derives from the fact that charges accumulate 
within several nanometers in proximity to the graphene/ionic liquid interfaces.
[27, 28]
 
Consequently, the magnitude of electric fields on graphene is very large, which results in the 
effective tuning of graphene’s Fermi level. For the massless charge carriers in graphene, there 
is power-law dependence |EF|∝|n|
1/2
 in between the Fermi level and the carrier 
concentration.
[29]
 With this relationship, it can be known that the gating is essentially tuning 
the carrier concentration in graphene (or electrical conductivity).
[30]
 According to the Drude 
model, graphene optical conductivity is equivalent to its electrical conductivity at THz 
regime.
[10, 31]
 As a result, the electrical gating is capable for modulating THz waves. 
Moreover, our sandwich structures make use of the high mobility of both electrons and 
holes,
[20]
 unlike the previous semiconductor based modulators,
[12, 13]
 where the hole 
contributions were negligible. 
The proposed THz modulators are based on a sandwich structure of two layers of graphene 
and ionic liquid (Figure 1a). When a voltage is applied between two graphene films, holes are 
accumulated on one of the graphene films, while electrons are on the other side (Figure 1b). 
The experimental results from a single-layer graphene based modulator are presented in 
Figure 2. By increasing the applied voltage from 0 to 3 V, the electric field amplitude of the 
transmitted THz pulses decreases significantly (Figure 2a). In contrast, we observe that no 
gate-dependent phase change is introduced to the THz pulses, and the time shift in Figure 2a 
is added for clarity. The insertion loss in this device is 48%, which is mainly introduced by 
the quartz glasses and graphene films. The insertion losses could be reduced by engineering 
the quartz glass thickness
[10]
 and reducing the defects in CVD graphene films.” THz traces are 
truncated between two dashed lines in the inset of Figure 2b to remove the effects due to 
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multiple reflections, and then the spectra of transmitted THz pulses (Figure 2b) are obtained 
using a fast Fourier transformation (FFT). The strength of THz electric fields attenuates 
across the observed THz range as a function of the gate voltage. The spectra in Figure 2c are 
normalized to the spectrum with zero gate voltage, and the overall THz electric field 
decreases as the gate voltage increases. The oscillating features in the normalized spectra arise 
from the multi-reflection of THz wave inside the cavity between two graphene films 
(Supporting Information Section 1). The normalized THz transmittance, T = (tv/t0)
2
, where tv 
is the electric field strength of transmitted THz at gate voltage Vg, and t0 is at Vg = 0. By 
averaging the THz spectra across the entire detected bandwidth (0.1 to 2.5 THz), the 
transmittance decreases monotonically with respect to the gate voltage (Figure 2d). We 
observe a power modulation depth M = (1-T) of up to 83% with an applied voltage of 3 V, in 
which each layer of graphene contributes to 60% modulation. The modulation depth is 
significantly greater than the previously reported value (15%) from a single-layer graphene 
based device.
[10]
 We also test the repeatability and reliability of our devices by alternately 
switching the gate voltage among 0 and ±3 V (Figure 2d, inset). The maximum applied gate 
voltage is restricted up to 3 V, which is under the electrochemical window of the graphene 
films.
[32]
  
In order to have a better insight into the device operation, we perform a series of studies to 
understand the role of the Fermi level change
[8, 14]
 and the carrier redistribution within the 
ionic liquid. The first control study investigates the importance of the interface between the 
ionic liquid and graphene. As illustrated in Figure 3a, a thin (~0.5 m) non-conductive 
photoresist (ma-N2405) layer is coated for isolating the ionic liquid from graphene. As the 
capacitance of ionic liquid is three orders larger than that of photoresist, majority gate voltage 
is loaded onto the ionic liquid. If the carrier distribution change in ionic liquid is the origin of 
the THz intensity modulation, the modulation level in this control device should be the same 
as the original ones in Figure 2. However, the peak values of these THz pulse have a 
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negligible change with gate voltage even up to 20 V (Figure 3b), and the time domain signal 
also remains consistent, as shown in the inset of Figure 3b (horizontally shifted for clarity). 
The second control study was conducted with two different cell thicknesses of 50 and 100 μm 
(Figure 3c). No significant difference in the device performances is observed with only a 
slight variation in modulation percentage. The above two control studies suggest that (1) the 
interfaces between the ionic liquid and graphene play an important role for the THz 
modulation and (2) the contribution from the bulk ionic liquid is negligible. Therefore, we 
conclude that the THz modulation is caused by manipulating the Fermi level of graphene due 
to the electric fields inside the graphene layers. 
In addition, similar devices based on bi-layer and tri-layer graphene (Figure 3d) are studied. 
Since the multi-layer graphene was prepared by stacking single-layer graphene without 
interlayer atomic bonds, it is expected that the graphene layer at the graphene/ionic liquid 
interface mostly contributes to the THz modulation. Therefore, devices with different 
graphene thicknesses should show a similar modulation to the single-layer graphene based 
device.
[22]
 In Figure 3d, however, the modulation depths at 3 V show 83%, 89% and 93% for 
single-layer, bi-layer, and tri-layer graphene based devices, respectively. This differences can 
be understood by the fact that the overall domain boundary defects in CVD graphene are 
eliminated in a multilayer graphene configuration.
[33]
 We also demonstrate a further 
enhancement of the modulation depth to 99% by simply stacking two devices (a bi-layer and a 
tri-layer graphene device) on top of each other (Figure 3d). The different trends in the data 
curves, such as the modulation depth differences and the peak position shift, are due to the 
graphene quality variation between films, which is induced during the growth and the transfer 
processes. For applications, the optimal numbers of graphene layers and stacked devices 
should be chosen considering the trade-off among the device conductivity, durability, and 
insertion loss.
[8]
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As shown in Figure 4a, the THz transmittance modulation is symmetric under positive and 
negative gate voltages (Supporting Information, Figure S2), as expected for devices with such 
a symmetric structure. The voltage dependent transmittance can be understood by three states 
of band alignment (Figure 4b) of the top (blue) and bottom (green) graphene layers. Without 
any gate voltage, the Fermi level of both graphene layers is slightly lower than the Dirac point 
due to unintentional p-dopants.
[34, 35]
 For a large gate voltage of Vg >> VDirac, the Fermi level 
of the bottom graphene film increases, while that of the top film decreases. As a result, the 
total density of states (DOS) at the Fermi level of both graphene layers increases, leading to 
the enhancement of THz absorption and reflection due to greater intraband transition. This 
mechanism also explains the symmetric modulation with respect to the polarity of the gate 
voltage, when the field direction is reversed.  
Small peaks are observed at low applied voltages indicated by red arrows in Figure 4a, 
corresponding to the gate voltage of Vg ≈ ±2VDirac. When a small gate voltage is applied, the 
Fermi level of the bottom graphene layer rises and approaches the Dirac point (decreasing the 
DOS), while the Fermi level of top layer falls (increasing the DOS). At this gate voltage 
regime, the DOS from graphene layers compensate each other, giving rise to a saturation 
behavior in the transmittance. The saturation takes place in the range of -2VDirac < Vg < 
+2VDirac when the doping levels of both graphene layers are equal and the band dispersion of 
graphene is linear. However, a slight increase of the transmittance in Figure 4a is observed. 
The existence of the peaks in transmittance suggests that the positive and negative charges 
accumulate on graphene films unequally. There are a few reasons for this phenomenon. First 
of all, when considering impurity induced scatterings, different degrees of correlations for 
electrons and holes contribute to the asymmetric gating effect.
[36, 37]
 The dominant Coulomb 
scattering at the vicinity of Dirac point due to ionized impurities can also introduce a non-
linearity in graphene’s band structure.[38] It is also reported that the gating effect is more 
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effective for the anions than that of cations in the ionic liquid.
[22]
 In addition, the grain 
boundaries in CVD graphene play an important role for the electrical property.
[39, 40]
  
In order to further understand the proposed THz modulators, we simulate the absorption, 
transmission, and reflection by the transfer matrix method.
[41]
 Detailed calculations are shown 
in the Supporting Information (Section 3).
[10, 14]
 The conductivity of the top and bottom 
graphene layer was measured by the four-probe method (Figure 5a) in tri-layer graphene 
based devices, and the sheet conductivity of graphene is assumed to be equivalent to its DC 
conductivity.
[14]
 From Figure 5a, it can be seen that the gating capability of ionic liquid on 
graphene is roughly 1 mS/V. Using the conductivity change per gate voltage, we calculate the 
transmittance, absorption, and reflectance with respect to different gate voltages (Figure 5b). 
The modulation trend in Figure 5b agrees well with the THz measurement in Figure 4a. 
Interestingly, the simulated reflection also increases with the gate voltage, suggesting that the 
devices can operate in the reflection geometry as well. We can infer the increment of 
reflectivity as function of voltage by inspecting the oscillating feature of the transmittance 
spectra in Figure 2c. As the gate voltage increases, the stronger internal reflections from the 
graphene layers are detected, which is in line with the results in Figure 5b. 
The proposed THz modulators by ionic liquid gating on graphene layers benefit from the 
excellent modulation depth, low operation voltage, and low insertion losses, in contrast to the 
previous semiconductor-based modulators. By tuning the Fermi level of the top and bottom 
graphene layers, we modulate the THz transmittance by up to 93% from a single modulator 
device and up to 99% by stacking two devices. We further confirm the modulation 
mechanism by calculating the transmittance using the transfer matrix method. The proposed 
device provides a new platform to explore high performance THz devices using graphene and 
ionic liquids. 
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Experimental Section  
Device preparation: The proposed THz modulators are based on a sandwich structure 
of two layers of graphene and ionic liquid (Figure 1a). Cr (10 nm)/Au (40 nm) electrodes (1 
mm by 10 mm in scale) are thermally evaporated onto the graphene substrate in a vacuum 
level of 5×10
-8
 Torr. Then two quartz glass substrates with graphene films on top are 
sandwiched with two plastic spacers in between. The gap between the graphene films is 
determined by the thickness of spacers (50 or 100 m). The quartz glasses are slightly 
misaligned to avoid any short circuit between top and bottom layers. 1-ethyl-3-
methylimidazolium bis (tri-fluoromethylsulfonyl) imide ([EMIM][TFSI]) ionic liquid is 
injected into the cavity among the spacers and graphene films. Since the electric fields near 
the two graphene films are in opposite directions under a gate voltage, holes are accumulated 
on one of the graphene films, while electrons are on the other side (Figure 1b). Because the 
electrical resistance of graphene is much smaller than that of ionic liquid, the electric field is 
evenly distributed in the structures.  
Graphene preparation: graphene films are prepared by the chemical vapor deposition 
(CVD) method.
[42]
 Single-layer graphene is grown on a copper foil, and then transferred to the 
quartz glasses. Multilayer graphene films are prepared by stacking multiple single-layer 
graphene films. The Raman spectroscopy results show prominent G and 2D peaks, while the 
D peak is negligible, indicating a good quality of graphene films.
[8, 35, 43]
 Because there are no 
atomic bonds between the different layers in our multilayer graphene, each stacked layer has 
consistent chemical and optoelectrical properties similar to single-layer graphene.
[31]
  
THz measurements: For transmittance measurements, the THz pulses are generated by 
a photoconductive antenna based time domain spectroscopy system (Supporting Information, 
Figure S5), providing a bandwidth from 0.1 to 2.5 THz. The acquired data are averaged from 
900 spectra with the scanning frequency of 30 Hz, which gives a very high signal to noise 
ratio.  
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Figure 1. (a) The geometry of a graphene based THz modulator: the sandwich structure 
consists of two quartz glasses with graphene on top, two spacers and ionic liquid. The spacers 
are located at the edges of quartz glasses for supporting the cavity for ionic liquid. Cr/Au 
electrodes are deposited at one edge of each graphene film. (b) When voltages are applied as 
shown in (a), positive and negative charges accumulate at the graphene/ionic liquid interfaces.  
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Figure 2. (a) Time domain electric field of THz pulses with the gate voltage up to 3 V. The 
THz spectra peaks decrease monotonically as a function of gate voltage. The data are shifted 
horizontally for clarity. (b) THz electric field amplitude in the frequency domain by the FFT. 
For FFT, time domain data are truncated between two vertical red lines (193.5 to 208 ps) to 
eliminate the multiple reflections (inset). (c) Normalized electric field strength with respect to 
the spectrum with zero gated voltage. (d) THz transmittance by averaging the normalized 
power intensity from 0.1 to 2.5 THz, which shows the maximum modulation of 83% with the 
gate voltage of 3 V. A repeatability test is performed by switching the gate voltage among 0 
and ±3 V (inset).   
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Figure 3. (a) Device structure for a control study; a thin layer of photoresist is coated on 
graphene. (b) Averaged THz signal from 0.1 to 2.5 THz at various gate biases. The inset is the 
time domain data with the curves shifted for clarify. (c) Normalized THz transmittance signal 
from devices with cell thickness of 50 and 100 μm. The inset is a schematic of device 
structure. (d) The comparison of THz modulation from devices with different numbers of 
graphene layer (single-layer, bi-layer, and tri-layer) showing a similar modulation depth. The 
double-deck device is fabricated by stacking a bi-layer and a tri-layer graphene device to 
enhance the modulation.  
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Figure 4. (a) Symmetric gate voltage modulation response of a tri-layer graphene device. (b) 
Band structures of top (blue) and bottom (green) graphene films under different gating 
conditions at Vg = 0, Vg ≈ 2VDirac, and Vg >> VDirac.  
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Figure 5. (a) Conductivity of the top and bottom graphene layers. (b) Simulated transmittance 
(red), absorption (black) and reflection (green) as a function of the gate voltage. 
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1. Multiple reflections in the graphene cavity 
Multi-reflections are the phenomena that the incident wave experiences several reflections 
from internal interfaces, and then transmitting through the structure to show a much smaller 
peak compared to the main pulse. For any multi-reflection, due to the extra optical path, there 
is a time delay Δt = 2dn/c, where d is the distance between two interfaces, n is the refractive 
index (1 for dry air, 1.57 for ionic liquids, and 1.96 for quartz glasses at THz range), and c is 
the speed of light. The schematic of one such possible multi-reflection is sketched in Fig. S1. 
As the thickness of ionic liquid cell and quartz glass is 100 and 400 µm respectively, the first 
order multi-reflections have a time delay of 1.05, 5.23, 6.28 ps, etc. In our data analysis, as 
shown in the inset of Figure 2b, only a small range (193.5 to 208 ps) was chosen so that the 
effect of multi-reflections are eliminated. Note that the first multi-reflection signal shown in 
Fig. S1 was still included in this range, because it is very close to the main pulse (1.05 ps 
delay), however, higher orders multi-reflection from these two graphene layers are neglected 
due to the much lower intensity.  
 
Fig. S1. Schematic of one multi-reflection of THz beam inside the devices.  
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2. Symmetric voltage response of THz modulation 
 
The THz transmittance as a function of gate voltage in Figure 4 (main text) was processed 
starting from THz pulses in time domain (Fig. S2a). With a truncation from 193.5 to 208 ps, 
FFT was performed. Then, all the spectra were normalized to the spectrum with zero gate 
voltage (Fig. S2b). Finally, we average the transmittance over the measured frequency range 
to get the data in Figure 4a. 
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Fig. S2. Detail analysis for the tri-layer graphene based devices in Figure 4a. (a) Time 
domain spectroscopy of the devices under different gate voltage. The pulses are 
shifted horizontally for clarity. (b) Normalized THz electric field spectra after FFT.  
 
3. Device simulation based on transfer matrix theory 
According to the transfer matrix theory of a multilayer system, the propagation of light 
through an interface between two materials can be described by  
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(Eq. 1) 
where t and r correspond to the transmission and reflection coefficients of the electric field, 
respectively. The subscription m1 stands for the material 1 and m2 for material 2. Graphene 
films are assumed to be zero thickness conductive layers with the vacuum impedance of 
Z0=376.73 Ω. Then the transfer matrix for the structure of m1/graphene/m2 can be written as  
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(Eq. 2) 
where 
s  is the conductivity of graphene. 
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Fig. S3. Simulation model for typical sandwiched THz modulators 
consisted of dry air/quartz glass/graphene/ionic liquid/graphene/quartz 
glass/dry air. 
 
Our THz devices are a stack of quartz glass/ionic liquid/quartz glass (Fig. S3). When 
transmitting THz wave through, four interfaces are involved for our investigation (labelled as 
1-4 in Fig. S3). A single M matrix is derived from the S matrix in Eq. (1 - 2) and defined as  
1/ 2 2/ 1 1/ 2 2/ 1 2/ 1
1/ 2
1/ 22/ 1
1
1
m m m m m m m m m m
m m
m mm m
t t r r r
M
rt
 
   
   
(Eq. 3) 
The transfer matrix describing the stack in Fig. S3 is 
/ /graphene/ _ _ /graphene/ /air quartz quartz ionic liquid ionic liquid quartz quartz airM M M M M    .          
(Eq. 4) 
With the M matrix for the entire stack, we can convert this M matrix back to the S matrix from 
which the reflectance R = r
2
, transmittance T = t
2
, and absorption A = 1-R-T can be obtained. 
As the gate voltage changes the conductivity of the graphene layers in our device, the 
absorption, reflection, and transmittance are modulated accordingly. The calculated results are 
presented in Fig. S4. The x-axis is shifted by 0.3 mS to match the characteristic of p-doped 
graphene films. Using the measured conductivity at different gate biases, the absorption, 
transmission, and reflection as a function of gate bias are obtained as shown in Figure 5b. 
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Fig. S4. Simulated absorption, transmission, and reflection as function of conductivity.  
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4. Terahertz time-domain spectrometer 
 
Our THz time domain spectroscopy system in Fig. S5 is based on an ultrafast fs-laser. The 
laser beam is split into two parts for the THz generation and detection. The generation beam 
excites a biased LT-GaAs photoconductive antenna (PCA) to radiate THz waves. The THz 
spectra cover the range from 0.1 to 2.5 THz. After passing through the samples, the THz wave 
is focused to the other PCA for detection. Meanwhile, the detection beam travels through a 
delay line and incidents onto the detection PCA. When the THz pule and the detection beam 
reach the PCA at the same time, a transient current is generated, which is proportional to the 
THz electric field strength. By scanning the optical path differences between the detection 
beam and THz beam, time profiles of THz pulses can be constructed. The scanner is operated 
at frequency of 30 Hz to improve the signal-to-noise ratio. The entire beam path is purged 
with dry air to avoid the absorption from atmospheric water vapor. 
 
Fig. S5. Experimental setup of THz time-domain spectrometer. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
